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Magnetic phase diagram and structure of the magnetic phases in the
quasi-one-dimensional antiferromagnet BaCu2Si2O7: symmetry analysis.
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We have performed a symmetry analysis of the properties of the recently discovered quasi-one-
dimensional compound BaCu2Si2O7. The existence of the unusual spin-reorientation transitions
is explained as an effect of the unusually strong relativistic interactions. The possible connection
between the magnitude of the relativistic interactions and the low-dimensional structure of the
BaCu2Si2O7 is discussed. The structure of the magnetic phases is determined.
PACS numbers: 75.50.Ee, 75.30.Kz
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I. INTRODUCTION.
Low-dimensional magnets are subject of intense inter-
est due to the important role of the quantum fluctuations
in these systems. As it was rigorously shown1, no antifer-
romagnetic order can exist in an one-dimensional system.
However, a weak interchain interaction leads to the for-
mation of long-range magnetic order.
Different types of magnetic order (differing by the rel-
ative orientation of the spins) are possible if the unit cell
of an antiferromagnet contains more than two magnetic
ions. A transition from the paramagnetic phase to the
phase with lowest exchange energy occurs at the Ne´el
point. The difference between energies of different types
of magnetic order in usual 3D-antiferromagnets is of the
scale of the exchange interaction J .
Quasi-one-dimensional antiferromagnets have some
unique properties: First, if the order types differ only
by the orientations of the spins in the directions per-
pendicular to the chain, the energy difference between
these ordered states will be small (of the scale of the
small interchain-exchange interaction J⊥). A second pe-
culiarity arises from the microscopic structure of low-
dimensional magnets. Small values of the interchain-
exchange constants in inorganic compounds are fre-
quently due to the orthogonality of the corresponding
electron orbitals. Since this ”90◦”-rule is not applicable
to other interchain interactions, relativistic interchain in-
teractions (such as anisotropic or Dzyaloshinskii-Moriya
exchange interactions) can compete with the interchain
Heisenberg-exchange interaction. These features of low-
dimensional magnets can result in magnetic phase tran-
sitions with a change of the exchange structure, as in the
case of La2CuO4.
2
The recently discovered compound BaCu2Si2O7 has
attracted attention, since it was reported that it is a
quasi-one-dimensional antiferromagnet3. The CuO4 pla-
quettes form zigzag chains along the c direction of the
orthorhombic crystal with a Cu-O-Cu bond angle of
about 124◦. The exchange constants determined by
means of neutron scattering4 are Jc = 24.1 meV, Jb =
0.20 meV, Ja = −0.46 meV and J[110] = 0.15 meV. The
susceptibility3 χ(T ) also demonstrates a broad maximum
characteristic for one-dimensional antiferromagnets5 at a
temperature near 200 K.
The weak interchain interaction leads to the formation
of long-range antiferromagnetic order at TN = 9.2 K.
The Ne´el temperature is well marked by a kink in χc, in-
dicating easy-axis ordering in low magnetic field. Above
TN the susceptibility demonstrates a deviation from the
Bonner-Fisher law3 — χc strongly increases on approach-
ing the Ne´el temperature. The magnetic moment per Cu-
ion is strongly reduced in the ordered phase due to the
effect of quantum fluctuations: according to the inelastic
neutron scattering experiments8 〈µ〉 = 0.15µB.
Unexpectedly, the magnetization study in the ordered
state reveals the existence of two spin-reorientation tran-
sitions at H ‖ c (transition fields Hc1 = 2.0 T and
Hc2 = 4.9 T).
6 Two spin-reorientation transitions are a
surprising feature for a supposed-to-be-collinear antifer-
romagnet. Usually an easy-axis antiferromagnet exhibits
only one spin-reorientation transition (spin-flop transi-
tion) caused by the competition of the gain in magneti-
zation energy with the loss in anisotropy energy. The ob-
servation of an additional spin-reorientation transition7
at H ⊥ c at the field Hc3 = 7.7 T is also intriguing — the
’classical’ easy-axis antiferromagnet does not undergo a
spin-reorientation transition, if the external field is ap-
plied perpendicular to the easy axis of the anisotropy.
Neutron-scattering experiments8 have shown that the
intermediate-field phase is noncollinear. However, the
origin of these exotic spin-reorientation transitions re-
mains a mystery.
In the present paper we perform an analysis of the
phase diagram and magnetic structure of BaCu2Si2O7
from a macroscopic approach taking into account the
symmetry of the crystal. We show that both two spin-
reorientation transitions and the behavior of the suscepti-
2TABLE I: Ferromagnetic and antiferromagnetic vectors al-
lowed by the symmetry group D162h.
M = S1 + S2 + S3 + S4 + S5 + S6 + S7 + S8
L1 = S1 − S2 − S3 + S4 + S5 − S6 − S7 + S8
L2 = S1 − S2 + S3 − S4 + S5 − S6 + S7 − S8
L3 = S1 + S2 − S3 − S4 + S5 + S6 − S7 − S8
L4 = S1 − S2 − S3 + S4 − S5 + S6 + S7 − S8
L5 = S1 + S2 − S3 − S4 − S5 − S6 + S7 + S8
L6 = S1 − S2 + S3 − S4 − S5 + S6 − S7 + S8
L7 = S1 + S2 + S3 + S4 − S5 − S6 − S7 − S8
TABLE II: Magnetic vector components transforming within
the same representation. The signs in the first column
show the effect of the symmetry operations I ((x, y, z) →
(−x,−y,−z)), C2z ((x, y, z) → (
1
2
− x,−y, 1
2
+ z)) and C2y
((x, y, z)→ (−x, 1
2
+ y,−z)), correspondingly.
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++− Lx2 L
y
1
Mz
+−+ Lx3 M
y Lz1
−++ Lx4 L
y
6
Lz5
−−+ Lx5 L
y
7
Lz4
−+− Lx6 L
y
4
Lz7
+−− Mx Ly
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−−− Lx7 L
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Lz6
bility above TN are due to the unusually large relativistic
terms in the thermodynamic potential.
II. CRYSTALLOGRAPHIC STRUCTURE AND
MAGNETIC VECTORS.
The compound BaCu2Si2O7 crystallizes in the space
group Pnma (D162h) with four formula units per unit cell
i.e. with 8 Cu2+ ions per unit cell. The magnetic ions
occupy the 8d positions forming 4 zigzag chains along
the c axis (see Figure 1). The lattice parameters are
a = 6.862 A˚, b = 13.178 A˚, and c = 6.897 A˚.
As it follows from neutron scattering, the magnetic
unit cell coincides with the crystallographic one. In the
ordered state each magnetic ion has a non-zero average
c
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FIG. 1: Position of the magnetic ions in the unit cell.
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FIG. 2: Relative ordering of spins in the plane perpendicular
to the chains for different antiferromagnetic vectors. The next
layer is aligned antiferromagnetically. All spins can be rotated
simultaneously on an arbitrary angle, including out of plane.
spin Si (i = 1 . . . 8). We will describe the magnetic struc-
ture using linear combinations of these spin vectors which
components transform by the irreducible representations
of the crystal-symmetry group. The space group D2h ex-
hibits only one-dimensional irreducible representations.
Thus, the magnetic vector components will remain the
same or change their sign under symmetry operations.
In further analysis we will use the inversion I
((x, y, z) → (−x,−y,−z)) and two sliding axes: C2z
((x, y, z) → (12 − x,−y,
1
2 + z)) and C
2
y ((x, y, z) →
(−x, 12 + y,−z)) as independent symmetry operations.
The fractional cell coordinates of the Cu2+ ion (1) in
Figure 1 are given by (14 − 0.028, 0.004,
3
4 + 0.044) (see
Ref. 3).
After trivial calculations we obtain 8 magnetic vectors
(see Table I). The components of the magnetic vectors
that transform within the same representation are gath-
ered in Table II. Here and further on we will use co-
ordinates with x ‖ a, y ‖ b and z ‖ c, respectively. All
possible magnetic structures for this symmetry group (in-
cluding canted ones) can be analyzed in terms of these
vectors.
A strong in-chain exchange favors ordering of the types
L1,L2,L4,L6. In these cases in-chain neighboring spins
are antiparallel. We will not consider other antiferro-
magnetic vectors in the further analysis. The relative
orientation of the spins is shown for these order types in
Figure 2.
If we will neglect the interchain interactions, in classi-
cal (S ≫ 1) approximation the exchange energy for these
ordering types is the same, i.e. the antiferromagnetically
ordered state is four times degenerated. Interchain in-
teractions lift this degeneration. Taking into account the
exchange-integral values found by neutron scattering, one
can estimate the hierarchy of the energies of the collinear
ordering described by each of these vectors in the classical
approximation.
ǫ6 < ǫ4 < ǫ2 < ǫ1 (1)
3TABLE III: Parameters of the thermodynamic potential (see
Eqn. 3) at 5K per gramm, calculated from the data of
Refs. 3,6,7.
χ‖ (1.98± 0.08) · 10
−6 emu/g
χ⊥ (3.53± 0.03) · 10
−6 emu/g
a1 (845 ± 50) erg/g
a2 (281 ± 13) erg/g
B1 −(1.39± 0.07) · 10
−7 emu/g
B2 (1.06± 0.14) · 10
−7 emu/g
ξx −(1.30± 0.8) · 10
−7 emu/g
ξz (1.10± 0.05) · 10
−6 emu/g
Zheludev et al. have found the structure of the mag-
netic phases by means of neutron scattering (see Ref. 8).
In terms of the above-defined magnetic vectors the results
of this work can be expressed as follows: At low fields
(phase I, H < Hc1) all spins are aligned collinearly with
antiferromagnetic vector L6 ‖ z. For the high-field phase
(phase III,H > Hc2) the magnetic structure was found to
be described by the same ordering type L6 with the anti-
ferromagnetic vector along the x axis. The intermediate-
field phase (phase II, Hc1 < H < Hc2) was identified
as noncollinear antiferromagnetic structure described by
two magnetic vectors L6 ‖ y and L2 ‖ x.
The easy-axis magnetic ordering is in agreement with
susceptibility measurements, which show a characteristic
kink at TN for χc. The order of type L6 is also ex-
pected from classical estimations (see Eqn. (1)). How-
ever, the identification of the noncollinear phase can be
questioned. First, since nuclear Bragg reflections coin-
cide with magnetic ones, the determination of magnetic
reflection intensities initially involves a big relative er-
ror. As it was shown in Ref. 8, a fit of the experimental
data with the collinear model L6 ‖ y yields χ
2 = 2.8,
while for the proposed noncollinear structure χ2 = 2.4
was found. Second, from Table II one can see that Lx2
and Ly6 transform differently under symmetry operations.
This means that canting towards Lx2 cannot be induced
by the internal fields.
III. MAGNETIC PROPERTIES OF BACU2SI2O7.
The following discussion is organized as follows: in Sec-
tion IIIA we will analyze the magnetic phase diagram
of BaCu2Si2O7. The structure of the magnetic phases
and the possible reason of the big values of the relativis-
tic constants in the thermodynamic-potential expansion
will be discussed in Section III B. The behavior of the
static susceptibility above the Ne´el point will be treated
in Section III C.
0 Hc2Hc'Hc1
H
l ||z
l ||y
l ||x
Φ(H)+H2/(8pi)~
FIG. 3: Field dependences of the thermodynamic potential Φ˜
for different orientations of the main antiferromagnetic vector.
External field H ‖ z.
A. Magnetic phase diagram.
The phase diagram of an antiferromagnet can be ana-
lyzed in terms of the main antiferromagnetic vector (i.e.
L6) only.
9 Distortions of the collinear order (i.e. cant-
ing of the sublattices) are of no interest in this subsec-
tion, while we are interested in the phase diagram only.
Relativistic interactions leading to these distortions con-
tribute to the corresponding relativistic constants, as it
will be demonstrated in the next subsection.
Following the standard procedure, we will write down
an expansion of the thermodynamic potential Φ˜(l), where
l = L6/|L6|.
The potential Φ˜ is defined in such a way that10
∂Φ˜
∂H
= −
B
4π
= −M −
H
4π
(2)
Since magnetization appears only in the presence of
a magnetic field, the potential expansion can be written
via the l and H variables.10 Requiring invariance of the
energy to symmetry operations we obtain:
Φ˜(l,H) = a1l
2
x + a2l
2
y −
χ‖
2
(l ·H)2 −
−
χ⊥
2
[l×H]2 + C1(l ·H)Hxlx +
+C2(l ·H)Hyly +B1l
2
xH
2 +
+B2l
2
yH
2 −
ξz
2
H2z −
ξx
2
H2x −
H2
8π
(3)
The small parameter in this expansion is the ratio be-
tween the relativistic constants and the exchange con-
stants. The first two terms (ai) describe the orthorhom-
bic anisotropy, the terms containing χ‖ and χ⊥ describe
the exchange part of the susceptibility — they do not
change under simultaneous rotation of l and H on the
same angle. The terms with ξα describe the relativistic
4contribution to the susceptibility which is independent
on the l orientation. Of the higher order terms con-
taining the magnetic field, we have kept only exchange-
relativistic terms which are a product of exchange part
(invariant under simultaneous rotation of l and H) and
relativistic part. Other higher-order terms are smaller
due to the supposed smallness of the relativistic constants
and, thus, can be omitted. Easy-axis ordering at low
fields requires that a1, a2 > 0. Concerning the anisotropy
terms in the expansion (3), it is also necessary to point
out that, if one (or both) of the anisotropy constants is
equal to zero or if a1 = a2, then a consideration of the
higher-order anisotropy terms would become necessary.
However, there are no symmetry reasons, causing these
special values of the anisotropy constants.
Minimization over the orientations of l in the exact
orientations of the external magnetic field demonstrates
that the antiferromagnetic vector l is aligned along one
of the crystallographic axes except maybe for the nar-
row field interval near the reorientation transitions where
its behavior would be determined by the higher-order
anisotropy terms.
The thermodynamic-potential expressions and mag-
netic susceptibilities for different possible orientations of
H and l are given by:
H ‖ z (see Fig.3)
l ‖ z : Φ˜ = −
χ
(1)
zz
2
H2 −
H2
8π
(4)
χ
(1)
zz = χ‖ + ξz
l ‖ y : Φ˜ = a2 −
χ
(2)
zz
2
H2 −
H2
8π
(5)
χ
(2)
zz = χ⊥ − 2B2 + ξz
l ‖ x : Φ˜ = a1 −
χ
(3)
zz
2
H2 −
H2
8π
(6)
χ
(3)
zz = χ⊥ − 2B1 + ξz
H ‖ x
l ‖ z : Φ˜ = −
χ
(1)
xx
2
H2 −
H2
8π
(7)
χ
(1)
xx = χ⊥ + ξx
l ‖ y : Φ˜ = a2 −
χ
(2)
xx
2
H2 −
H2
8π
(8)
χ
(2)
xx = χ⊥ − 2B2 + ξx
H ‖ y
l ‖ z : Φ˜ = −
χ
(1)
yy
2
H2 −
H2
8π
(9)
χ
(1)
yy = χ⊥
l ‖ x : Φ˜ = a1 −
χ
(2)
yy
2
H2 −
H2
8π
(10)
χ
(2)
yy = χ⊥ − 2B1
Now we can find the fields of the spin-reorientation
transitions by equalizing the thermodynamic potentials
in the phases with different orientations of l.
H ‖ z, (l ‖ z → l ‖ y) : H2c1 =
2a2
χ⊥ − χ‖ − 2B2
(11)
H ‖ z, (l ‖ y → l ‖ x) : H2c2 =
a1 − a2
B2 −B1
(12)
H ‖ z, (l ‖ z → l ‖ x) : H2c′ =
2a1
χ⊥ − χ‖ − 2B1
(13)
H ‖ y, (l ‖ z → l ‖ x) : H2c3 = −
a1
B1
(14)
H ‖ x, (l ‖ z → l ‖ x) : H2c4 = −
a2
B2
(15)
All parameters involved can be estimated using the
static magnetization data from Refs. 3,6 and the Hc3
value from Ref. 7. Note, however, that the samples used
in the above mentioned papers were different, thus, some
uncertainty is possible. The values of the parameters
calculated from the 5 K data are presented in Table III.
Since a1 > a2, the hard axis of the magnetization is
established along the x direction. Substituting the found
values to Eqn. 13, one can ascertain that Hc′ > Hc1,
i.e. a two-spin-reorientation transition scenario is more
energy beneficient than a direct transition from l||z to
l||x. The positiveness of B2 explains the absence of a
phase transition for H ‖ x: for a2 > 0 and B2 > 0
Eqn. 15 has no physical solutions.
The anisotropy constants determine the gaps of the
antiferromagnetic resonance spectrum11. Antiferromag-
netic resonance on the BaCu2Si2O7 was studied in Ref. 12
and two gaps given by ∆1 = 40 GHz and ∆2 = 76 GHz
were found. The ratio of the AFMR gaps can be ex-
pressed as
∆1
∆2
=
√
a2
a1
(16)
Inserting the values of the anisotropy constants from
Table III yields for this ratio 0.57± 0.04 which is in per-
fect agreement with the value 0.53 found from the ex-
periment. The absolute value of the AFMR gap can be
approximated11 as
∆1 = γ
√
2Ha1He ∼ 30 GHz (17)
which is in reasonable agreement with the experiment,
since a good deal of uncertainty is involved in the es-
timation of the exchange field He in the case of a low-
dimensional magnet. Thus, expansion (3) correctly de-
scribes the observed spin-reorientation transitions and is
in agreement with other experimental observations.
5The additional phase transitions occur as a result of the
competition of anisotropy and relativistic corrections to
the susceptibility. The transition at Hc1 is a normal spin-
flop transition: all spins are rotated perpendicular to the
field direction and are aligned along the second-easy axis
y. At this transition the loss of the easy-axis anisotropy is
compensated by the gain in magnetization energy, since
χ⊥ > χ‖. The second phase transition (at Hc2) is caused
by the competition of the in-plane anisotropy and differ-
ence of the magnetization energy in different orientations
of l due to the relativistic corrections: The magnetic sus-
ceptibility for l ‖ x turns out to be larger than that for
l ‖ y, thus, the loss of anisotropy energy is overcome by
the gain in magnetization energy. The spin-reorientation
transition at H ‖ y is due to the same effect: relativistic
corrections to the susceptibility make the susceptibility
to be the largest for l ‖ x, thus, the gain in magnetization
energy overcomes the loss in anisotropy energy.
Note that the relativistic corrections Bi and ξα are un-
usually large in BaCu2Si2O7: ξz turns out to be compa-
rable with χ⊥. The BiH
2 terms normally should become
comparable with the anisotropy constants only at mag-
netic fields of the scale of the exchange field. Thus, a
mechanism, which strongly enhances the role of the rel-
ativistic interactions, has to be found. One possibility is
the effect of anisotropic reduction of the spin in differ-
ent phases. According to the neutron-scattering data8,
the average magnetic moment of the Cu ion changes
as l changes its orientation. Accounting for this effect
would result in the same exchange-relativistic terms in
the thermodynamic-potential expansion. Another possi-
ble reason for the large values of these constants will be
discussed in the next section.
It is necessary to recall that the above expansion of
the thermodynamic potential was performed assuming
the relativistic contributions to be small compared to the
exchange part. Hence, higher-order terms have been ne-
glected. However, in principle the increasing importance
of the relativistic interactions should also lead to an in-
crease of the higher-order terms, which especially would
affect the phase transitions at higher fields (Hc2, Hc3).
Moreover, this should give rise to other effects, such as
a nonlinearity of the magnetization, which has not been
reported yet.
We also have to note another possible explanation of
the comparable magnitude of the fields Hc1 and Hc2:
namely that, if a1 = a2, then Eqn.12 becomes ill-
defined. As it was noted earlier, in this case higher-
order (fourth-order) anisotropy terms have to be con-
sidered, and higher-order anisotropy constants (contain-
ing additional relativistic smallness, compared to a1,2)
would appear in the numerator of Eqn.12. The BiH
2
terms should become comparable with the fourth-order
anisotropy terms in fields of the order of the normal spin-
flop field Hc1. However, we would like to point out again
that there are no symmetry reasons causing the equiva-
lence of the anisotropy constants, and the values of the a1
and a2 constants derived from the experimental data are
(1) (6)
(7) (4)
Y
X
(1) (6)
(7) (4)
γ
(1) (6)
(7) (4)
+ +
--
phase I phase II
phase III
η
FIG. 4: Proposed structures for all phases (field-induced dis-
tortions are omitted): phase I: collinear structure lz6 (direc-
tion of the spins is shown by the sign); phase II: weakly non-
collinear antiferromagnet ly
6
and lx4 ; phase III: weakly non-
collinear structure lx6 and l
y
4
. Next layer of spins aligned an-
tiferromagnetically.
almost four-fold different. A microscopic consideration of
the interspin interactions, which is beyond of the scope of
the present paper, is necessary to check this probability
in detail. The angular dependence of the transition field
Hc2 also has to contain information on whether second-
or fourth-order anisotropy terms are responsible for the
additional spin-reorientation transition.
Nevertheless, the present experimental results can be
consistently explained in the framework of our simplified
approach. Therefore, it seems to be reasonable to start
again with the assumption of small relativistic contribu-
tions in the following refinement of the thermodynamic
potential with the aim to analyze the magnetic structure
in detail.
B. Structure of the magnetic phases.
Relativistic interactions, such as the Dzyaloshinskii-
Moriya interaction, can cause small distortions of the
collinear structure, which can be expressed by magnetic
vectors. These distortions, however, have to be com-
patible with the crystal symmetry. This means that the
components of the magnetic vectors corresponding to the
distortions in the given phase have to transform in the
same way as the corresponding component of the main
magnetic vector, i.e. they have to belong to the same rep-
resentation of the symmetry group. The possible types
of canting of the spins can be easily found from Table II.
We will consider here only distortions described by the
magnetic vectors L1, L2 and L4, for only these magnetic
vectors correspond to the antiferromagnetic in-chain or-
der. Other distortions would lead to a violation of the
6in-chain antiferromagnetic ordering and, therefore, they
are strongly suppressed by the strong in-chain exchange
interaction.
Thus, we obtain
• phase I (L6 ‖ z)
no canting is allowed by symmetry
• phase II (L6 ‖ y)
Lx4 is allowed
• phase III (L6 ‖ x)
Ly4 is allowed
The structure of the magnetic phases is shown in Fig-
ure 4. Note that the proposed structure is different from
that of Ref. 8, where canting described by the magnetic
vector L2 was proposed. However, vector L2 has compo-
nents transforming in the same way as the magnetization,
i.e. distortions described by the components of L2 can
be induced by the magnetic field.
To find the amplitudes of the distortions we have to
write an expansion of the thermodynamic potential in-
cluding vectors L1, L2 and L4 and then to minimize this
potential with respect to the components of these vec-
tors. In this expansion we will normalize all magnetic
vectors by the length of the main magnetic vector |L6|
li = Li/|L6| (18)
Requiring invariance of the energy to symmetry oper-
ations we obtain:
Φ˜ = A1l
2
1 +A2l
2
2 +A4l
2
4 + β1l
x
6 l
y
4 + β2l
y
6 l
x
4 +
+α1l
y
1H
z + α2l
x
2H
z + α3l
z
2H
x + α4l
z
1H
y +
+
δχ
2
l24H
2 −
χ′‖
2
(l6 ·H)
2 −
χ′⊥
2
[l6 ×H]
2 +
+a′1(l
x
6 )
2 + a′2(l
y
6)
2 +B′1(l
x
6 )
2H2 +B′2(l
y
6)
2H2 +
+C′1(l6 ·H)H
xlx6 + C
′
2(l6 ·H)H
yly6 −
−
ξ′z
2
H2z −
ξ′x
2
H2x −
H2
8π
(19)
We want to emphasize that this expansion is essen-
tially the same as Eqn. (3). The only difference is that
the interactions leading to the distortions of the collinear
order are written explicitly, now.
In the expansion given above, the terms containing Ai
are of exchange origin, they describe the loss in exchange
energy. All of Ai are positive. The terms with βi describe
the canting of the antiferromagnetic sublattices (so called
weak antiferromagnetism), those with αi describe field-
induced distortions. Both αi and βi parameters arise due
to the microscopic Dzyaloshinskii-Moriya interaction.
Minimization over the components of magnetic vec-
tors will demonstrate that the amplitudes of l1, l2 and
l4 are proportional to the ratio of some relativistic con-
stant to the exchange constants Ai. We will suppose here
that all relativistic constants are small compared with
exchange constants. Then, the magnitude of l1, l2 and
l4 already contains relativistic smallness and we can ne-
glect all higher-order relativistic terms containing these
vectors.
Minimization of the (19) yields
ly1 = −
α1
2A1
Hz (20)
lz1 = −
α4
2A1
Hy (21)
lx2 = −
α2
2A2
Hz (22)
lz2 = −
α3
2A2
Hx (23)
lx4 ≈ (−
β2
2A4
+
β2
4A24
δχ ·H2)ly6 (24)
ly4 ≈ (−
β1
2A4
+
β1
4A24
δχ ·H2)lx6 (25)
The canting angles (see Figure 4) can be expressed as
follows:
γ ≈ tan γ = lx4 η ≈ tan η = l
y
4 (26)
Note that the distortions of type lx2 (which were found
in Ref. 8) are possible, but they are induced by the exter-
nal field and they are independent on the orientation of
the main antiferromagnetic vector. Thus, they have to be
observed in all phases. Moreover, their amplitude should
increase with increasing magnetic field, while according
to the findings of Ref. 8 the noncollinearity is suppressed
by the magnetic field in phase II.
On the other hand, the distortions described by the
components of l4 are consistent with the experimental
observations: they are absent in phase I, and their am-
plitude in phases II and III are governed by different
constants βi. The fact that the canting in phase III is
much smaller than in phase II forces us to suppose that
β1 ≪ β2. A suppression of the canting in phase II corre-
sponds to δχ > 0.
Substituting these results to Eqn. 19 we obtain an
equation of the same type as Eqn. 3 with renormalized
constants. The comparison of Eqn. (3) with the results
of the substitution yields
χ‖,⊥ = χ
′
‖,⊥ +
α24
2A1
(27)
ξz = ξ
′
z +
α21
2A1
+
α22
2A2
−
α24
2A1
(28)
ξx = ξ
′
x +
α23
2A2
−
α24
2A1
(29)
a1 = a
′
1 −
β21
4A4
(30)
a2 = a
′
2 −
β22
4A4
(31)
7B1 = B
′
1 +
1
8
(
β1
A4
)2
δχ (32)
B2 = B
′
2 +
1
8
(
β2
A4
)2
δχ (33)
If the relativistic constants are small compared to the
exchange constants (as it was supposed in the expansion
(19)), then the distortions caused by relativistic inter-
actions result in small corrections to the constants con-
nected with the main antiferromagnetic vector.
In the case of the low-dimensional antiferromagnet, it
is another situation. The antiferromagnetic ordering of
the types L1, L2, L4, and L6 differs only by the rela-
tive orientation of the spins in the direction perpendic-
ular to the chain. Thus, the loss in exchange energy for
the canting from one of these order types to the other
(i.e. Ai constants in the expansion (19)) is governed
by the weak interchain exchange. As it was mentioned
in the Introduction, in a quasi-one-dimensional magnet
the interchain-exchange interaction can be comparable
in strength with the relativistic interactions. Thus, the
relativistic contributions in Eqns. 27-33 will not become
small.
This argumentation cannot be considered as a strict
proof of the role of low-dimensionality for the large val-
ues of the relativistic constants in Eqn. 3, because ex-
pansion (19) becomes incomplete, if some of the rela-
tivistic constants are comparable to the exchange ones.
However, the fact that in quasi-one-dimensional magnets
strong distortions with small losses of exchange energy
are possible, can result in an increase of the effect due to
relativistic interactions.
C. Susceptibility of BaCu2Si2O7 above the Ne´el
point.
The susceptibility of BaCu2Si2O7 above the Ne´el point
strongly deviates from a Bonner-Fisher law5 characteris-
tic for one-dimensional magnets3,6. It demonstrates a
broad maximum near 200 K but then shows a strong
Curie-like increase to lower temperatures. This increase
is anisotropic. It is strongest for χc and smallest for χa.
Such a behavior is typical for antiferromagnets with
possible weak ferromagnetism13,14. As it follows from
Table II, weak ferromagnetism is allowed for antiferro-
magnetic order of types L1 and L2 — these vectors have
components transforming in the same way as the magne-
tization components.
At the vicinity of the Ne´el point the amplitude of the
order parameter is small and we can write down an ex-
pansion over the powers of the order parameter as in the
usual Landau theory of second-order phase transitions:
Φ˜ = A1L
2
1 +A2L
2
2 +A4L
2
4 +A6L
2
6 + β2L
y
6L
x
4 +
+β1L
x
6L
y
4 + α1L
y
1H
z + α2L
x
2H
z + α3L
z
2H
x +
+α4L
z
1H
y −
1
2
χpH
2 −
H2
8π
(34)
Here the Ai terms are of exchange origin, those with
α and β are responsible for the canting, χp is the
paramagnetic-state susceptibility. We neglect anisotropy
terms and higher-order terms. Here we have used desig-
nations for the terms similar to those in Eqn. 19. Note,
however, that coefficients with the same designations are
different in Eqn. 19 and Eqn. 34.
At the transition point the factorsAi change their sign:
it is positive above the transition temperature and neg-
ative below. In the vicinity of the corresponding Ne´el
temperatures
Ai = λi(T − T
(i)
N ), λ > 0 (35)
At the Ne´el point order of type L6 is established. We
will suppose that in some temperature range above TN
the values of A1 and A2 continue to increase with in-
creasing temperature and, thus, can be approximated as
A1,2 = A
(0)
1,2 + λ
′
1,2(T − TN) A
(0)
1,2, λ
′
1,2 > 0 (36)
To find the values of the magnetic vector components
we have to minimize expansion (34). Here we will restrict
our analysis to the case of T > TN . Above the Ne´el point
we have Ai > 0, and in absence of an external field H the
minimum of the potential (34) corresponds to |Li| = 0. If
a magnetic field is applied, weak antiferromagnetic order
parameters of the types L1 or L2 are induced. All other
magnetic vectors are zero.
The existence of field-induced order parameters leads
to an additional contribution to the susceptibility. Using
Eqn. 36, we obtain for the magnetic susceptibilities:
χxx = χp +
α23
2(A
(0)
2 + λ
′
2(T − TN ))
(37)
χyy = χp +
α24
2(A
(0)
1 + λ
′
1(T − TN ))
(38)
χzz = χp +
α21
2(A
(0)
1 + λ
′
1(T − TN ))
+
+
α22
2(A
(0)
2 + λ
′
2(T − TN ))
(39)
I.e. with decreasing temperature the susceptibilities
should increase. The amplitudes of this increase in dif-
ferent orientations3 allow to conclude that
α21 + α
2
2 > α
2
4 ≫ α
2
3 (40)
The strongest effect for χzz is in accordance with the
large relativistic contribution ξz in Eqn. 3.
8IV. CONCLUSIONS
Starting from a symmetry approach we have analyzed
the magnetic phase diagram and the corresponding mag-
netic structures of the antiferromagnet BaCu2Si2O7. In
the first step, we have obtained a thermodynamic poten-
tial in terms of the main antiferromagnetic vector only,
demonstrating additional spin-reorientation transitions,
which are due to the unusually strong relativistic terms
in the expansion of the thermodynamic potential. The
strength of the relativistic terms is probably connected
to the low-dimensionality of the compound.
In the second step, we have refined the thermodynamic
potential by including the magnetic vectors, which de-
scribe distortions of the magnetic structure compatible
with the crystal symmetry. Based on our analysis, we
proposed a structure of the magnetic phases (cf. Fig. 4),
which is different from that in Ref. 8.
In addition, we were able to explain the deviations
of the susceptibility from the Bonner-Fisher law on ap-
proaching the 3D-magnetic order. The analysis of the
susceptibility behavior above TN also shows the impor-
tance of the relativistic interactions for the understanding
of the properties of BaCu2Si2O7.
The strong enhancement of the relativistic effects
should result in other interesting properties of this com-
pound, such as nonlinear magnetization. Thus, further
experimental and theoretical studies are necessary to
achieve a deeper insight into the unusual properties of
BaCu2Si2O7.
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